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Abstract

To provide more accurate ice cloud properties for evauating climate models, the updated
versgon of multi-layered cloud retrieva sysem (MCRS) is used to retrieve ice water path (IWP)
in ice-over-water cloud systems over globa ocean usng combined indrument data from the
Aqua satellite. The liquid water path (LWP) of lower layer water clouds is estimated from the
Advanced Microwave Scanning Radiometer for EOS (AMSR-E) measurements. With the
lower layer LWP known, the properties of the upper-levd ice clouds are then derived from
Moderate Resolution Imaging Spectroradiometer messurements by maiching smulated
radiances from atwo-cloud layer radiaive transfer model. Comparisons with single-layer cirrus
systems and surface-based radar retrievals show that the MCRS can sgnificantly improve the
accuracy and reduce the over-estimation of optica depth and ice water path retrievals for ice-
over-water cloud systems. During the period from December 2004 through February 2005, the
mean daytime ice cloud optica depth and IWP for overlapped ice-over-water clouds over
ocean from Aqua are 7.6 and 146.4 gm’?, respectively, significantly less then the initia single-
layer retrievals of 17.3 and 322.3 gm™®. The mean IWP for actua single-layer clouds was 128.2

-2

am-.
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1. Introduction

Digtributions of ice cloud properties are needed to accurately characterize globa hydrologicd
and radiation budgets. Their estimation from satellites is often exacerbated by the presence of water
clouds undernegth the ice clouds. Satellite cloud retrieva techniques have typicaly rdied on the
assumption hat al couds are homogenous in a single layer, despite the frequent occurrence of
overlapped cloud systems. Overlap can produce large errors in many retrieved cloud properties
such asice water path (IWP), cloud height, optica depth (t), phase, and particle Size. The influence
of liquid water clouds and precipitation on the radiances observed a the top of the atmosphere
(TOA) is one of the greatest impediments to accurately determining cloud ice mass for multi-layered
systems with ice clouds above water clouds. The optical depth derived from the reflected visble
radiance represents the combined effects of dl cloud layers. When the entire reflected radiance is
interpreted with an ice cloud model, the optica depth of the ice cloud can be severely overestimated
because the underlying water cloud can sgnificantly increase the reflectance. It is dear that the
underlying clouds must be properly characterized for a more accurate retrieva from overlapped
cloud systems.

Methods for direct retrievd of ice doud properties usng millimeter and sub-millimeter-
waveength measurementsin dl conditions[Liu and Curry, 1998, 1999; Weng and Grody, 2000;
Zhao and Weng, 2002] have been developed but have seen only limited use. The discrepancy
between cloud-top pressure derived from a CO,-dicing retrievad and the IR-based cloud pressure
has been exploited to detect overlapped clouds and retrieve the properties of each layer over a
large portion of the Earth [Chang and Li, 2005a; 2005b]. These recent ventures into passve

remote sendng of multi-layered clouds are encouraging, but the accuracy of these retrievas and



their limitations are poorly understood.

Over ocean regions, the use of combined microwave (MW), visble (V1S), and infrared (IR)
retrievals shows potentid for improving multi-layered cloud retrievas. These retrievds have
generdly condsted of deriving the totd cloud water path (TWP) by interpreting the entire cloud as
ether ice or water with the VIS and IR deata, retrieving the liquid water path (LWP) with the MW
data, and findly estimating the IWP as the difference between the two quantities. This approach has
been implemented by combining deata sets from different satellite platforms [Lin and Rossow, 1996;
Lin et al., 1998] and by usng wdl-matched data on the same platform, eg., the Visible Infrared
Scanner (VIRS) and Tropicd Rainfdl Measuring Misson (TRMM) Microwave Imager (TMI) data
[Ho et al., 2003]. Recognizing that the radiances emanating from combined ice and water cloud
layers are not equivdent to those from a smple addition of the IWP and LWP to obtain the TWP,
Huang et al. [2005] developed a more rigorous multilayer cloud retrievd sysem (MCRS). The
MCRS explicitly uses the lower layer cloud as part of the background radiation field and the ice-
cloud contribution to the TOA radiance to estimate IWP. The initid verson of the MCRS has been
upgraded using reflectance lookup tables based on advanced radiative transfer calculations of
combined ice and water clouds and gpplied to matched VIRS and TRMM data to obtain a more
accurate assessment of tropical IWP [Minnis et al., 2006]. In the revised MCRS, the background
inthetwo layer radiative tranfer modd is ether aland or ocean surface. This enhanced verson is
more accurate and applicable to a broader range of boundary conditions.

In this study, the updated MCRS is applied to collocated CERES (Clouds and the Earth’'s
Radiant Energy System) MODIS (Moderate Resolution Imaging Spectroradiometer) cloud

products [Minnis et al., 2004] and AMSR-E data to estimate IWP for multilayered clouds over



global oceans. The MW-VIS IR (MVI) dgorithm [Lin et al. 1998] is used to identify the
overlapped clouds. Then the ice cloud optica depth and ice water path, in ice-over-water cloud
system, are retrieved from the MCRS. The IWP retrievas are further vaidated by comparison to
millimeter wave doud radar (MMCR) retrievals over the Atmospheric Radiation Measurement
(ARM) Program tropicd Site on Manus Idand [Ackerman and Stokes, 2003]. The varigbility and

globd digtribution of IWP is further andyzed.

2. Data

The MCRS is applied to matched data from the MODIS and the AMSR-E on Agqua taken
over water surfaces in daylight from December 2004 through February 2005. The -km MODIS
data are analyzed for CERES usng the VIS IR-Solar-infrared- Split-window Technique (VISST)
[Minnis et al., 1995, 1998] to retrieve dngle-layer (SL) cloud properties for each pixel. The
CERES MODIS (CM) cloud retrieva output [Minnis et al., 2004], which includes cloud
properties such as phase, cloud optica depth (t), cloud effective temperature (Tc), effective ice
crysa diameter (De) and IWP or LWP, is combined with the original MODI S radiances at 0.64,
2.1, 3.8, 10.8, and 12.0 um for each pixel. The CM pixel-level results are then convolved into the
AMSR-E footprintsasin Ho et al. [2003]. The cloud LWP and cloud water temperature (Tw) are
retrieved from the AMSR-E MW data at the 36.5-GHz 12-km fidd of view (FOV) by matching
the multi- spectra MW datato MW radiative transfer modd (RTM) caculations [Lin et al., 1998].
3. IWP Retrieval

For each convolved CM-AMSR-E FOV, the MVI technique [Lin et al., 1998] is used to

detect overlgpping clouds based on the difference between Tw retrieved from AMSR-E and Tc



derived from VISST. The next gep is to estimate the optica depth ¢,,) of the lower-layer water

cloud, which can be written as

tw=0.75 Qiis(re) LWP/ re, Q)

where

le=lo+ I1* LWP, (2)

and Q,i«(re) is the extinction efficiency for a given effective droplet radius (). Over the ocean, ro
=12 and r; = 0.0186. These vaues of reand then t,, were derived from the datisticd andyss of
MV I-identified angle-layer water clouds and are used to sdlect the proper set of lookup tables
(LUT). The TOA radiances are then computed for every combination of r.and t,, and upper-layer
ice clouds and matched to the observed 0.64, 3.8, and 10.8-pum radiances asin Minnis et al.
[2006]. The retrieva follows the VISST procedure resulting in the sdlection of De, t, and IWP for

the upper cloud.

4. Results

The MCRS was applied to retrieve ice cloud properties for the detected overlapped cloud
pixes for the period from December 2004 through February 2005. Minnis et al. [ 2006] found
good agreement between the updated MCRS IWP and millimeter cloud radar (MMCR) retrievas

of the same quantity over Oklahoma. To further validate the MCRS retrievas, comparison of IWP



derived from Aqua MODIS usng VISST, from the convolved CM-AMSR-E daa usng the
MCRS, and from the MMCR data using the dgorithm of Liu et al. [2000] over ARM TWP
Manus dte (2.006°S, 147.425°E) were performed, see Figure 1. Sixteen matching cases were
identified during the 3 months over the ARM TWP Manus ste. The VISST and MCRS retrievasin
Figure 1 are the averages for the pixels over the ocean surrounding the coastd Manus site. In all
cases, the MCRS vyidds vaues of IWP that are close to those from the MMCR retrievd. On
average, the MCRS and MMCR IWPs differ by only 16.1 gm? (9%). This difference is much
smdller than the difference between the mean VISST (350.7 gmi?) and measn MMCR (201.2 gmi?)
vaues and is probably within the error of the MMCR method and data, which were taken at a
gngle point on the coadt. It is clear from these results and earlier comparison that the MCRS
provides aremarkable improvement over the VISST IWP retrievd.

Fgure 2 shows a comparison of mean optica depth and standard error derived from the
VISST and MCRS as a function of LWP for dl overlapped cloud retrievds during the anadyss
period. The standard error gives a rough measure of the variability of the means. For the VISST
retrievals, the optical depth increases linearly with risng LWP as expected because thin water
clouds under the ice clouds should not cause large VISST retrievd errors [eg., Minnis et d.,
2006]. The reflectance increases with increesng LWP and causes the current satellite retrievals to
overestimatet when alower-level cloud is present. The effects of the lower-levd cloud, however,
are nearly removed by the MCRS. There is only a dight upward trend in the MCRS t associated
with increesng LWP. On average, the mean ice-cloud optical depth drops from 17.3 to 7.6 when
the lower-level water cloud is taken into account. Figure 2 also shows that the standard errors are

quitesmdl and the meen differencesin t are Sgnificant at the 99% leve for dl LWP bins.



The frequency hisogram of IWP derived from VISST, MVI, and MCRS for ice-over-water
clouds and the IWP derived from MSST for sngle-layer ice clouds is shown in Figure 3. As
expected, the mean IWP vaues derived from the MCRS are consderably less than those derived
from VISST. The mean IWP decreases from 322.3 gm? to 146.4 gm?, avaue only dightly greater
than the single-layer ice cdloud mean vaue (128.2 gm?). The dose agreement in the frequency
digtribution between IWP derived from the MCRS and those from VISST single-layer ice cloud
retrievas, for dl bins, clearly demondrates the improvements provided by the MCRS. For the
lowest category of IWP (IWP < 100 gm®), the frequency from the MCRS is only 10% more than
the frequency determined for sngle-layer ice clouds. Multi-layered cloud pixes with IWP < 100
gm? comprise more than 65% of the data for the MCRS retrievals compared to only 38% for
VISST retrievds. The mean MCRS IWP is roughly hdf of that from the VISST and, dthough the
mean MVI IWP is only 17% greater than the MCRS vaue, it is obtained by the retrieval of
ggnificant amounts of negative IWP vadues. The MCRS aso eiminates the generation of negative
vaues of IWP.

The globa didribution of the seasond (December 2004 - February 2005) mean IWP
derived from VISST and MCRS and the differences between them are shown in Figure 4. The
seasona means were only computed for overcast ice-over-water clouds. Thus, these results are a
subset of the entire VISST dataset. Figure 4 indicates that the MCRS improves the IWP retrieva
over dl globa oceans. For dmost dl of regiors, the IWP derived from the MCRS is less than the
VISST derived vaues. The IWP is found to be most pronounced, with VISST vaues up to 500
gm?, in the 40° - 60° latitude bands where baroclinic systems are common (Fig.4a and 4b). The

magor difference between VISST and MCRS (Fig. 4c) is dso found in those same zones. In the



Southern Hemisphere, these large IWP means are nearly continuous throughout the temperate zone,
whilein the Northern Hemisphere, they are confined primarily to the western sides of the oceans. A
rdive maximum difference follows the northward shift of the inter-tropica convergence zone
(ITCZ) where both thin cirrus and thick anvil clouds generated by deep tropicd convection are

frequently observed.

5. Conclusions and Discussion

Large-scde sadlite retrievas are criticd for both verifying and improving generd circulation
modd (GCM) parameterizations of clouds and radiation for climate prediction. The globd
digribution of IWP, while avallable from a variety of current satdlite analyses, is highly uncertain
because of the bias caused by the presence of liquid water clouds under the ice clouds. Chang and
Li [20058] addressed this issue with a combined VIS-IR-CO, didng technique that is nomindly
goplicable over dl surfaces, however, their method requires that the upper-layer cloud is opticaly
thin. This sudy has provided an improved estimate of WP in multi-layered cloud systems for both
thin and thick non-precipitating ice cloud systems over ocean surfaces. The MCRS attempts a more
redidic interpretation of the radiance fied than earlier MVI-like methods because it explicitly
resolves the radiative trandfer that would produce the observed radiances at dl reevant
wavelengths. Using the MCRS to derive IWP in overlapped cases represents a first step toward
congructing a more reliable globad IWP climatology. Based on comparisons with the MMCR
retrievals for multi-layered clouds and with VISST retrievals for angle-layer ice clouds over the
globa oceans, these initid results are very encouraging. The development of an accurate oceanic

climatology of IWP from Agua and TRMM datais now quite feasible.



In the short term, this method will be extremely vauable for climate research by providing more
accurate retrievds of WP than previoudy possble. Future research should develop an advanced
retrieval method for multi-layered clouds over land. Over land, the variahility in surface emissvity
renders the microwave approach nearly usdess. Thus, surface radiometers like those a the ARM
dtes are the only data source for gpplication of this technique. With further vaidation againg radar
retrievals and perhaps in Situ aircraft data, this method could be used as reference source for other
avalable techniques or for those under development which use other spectrd radiance
combinations. Because this technique does not require the presence of cloud radar, and may be
gpplied a any location with a microwave radiometer, it provides the opportunity for vaidating other
methods in many more conditions than possble usng radar retrievas. Ultimatdy, it could be
combined with methods like the VISIR-CO2 technique to provide a comprehensive

characterization IWP over the entire globe.
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Figure Caption

Figure 1. Comparison of VISST and MCRS retrievals with smultaneous retrievals using the
MMCR datathe ARM Manus site (December 2004 - February 2005).

Figure 2. Comparison of optical depths derived from VISST and MCRS as a function of LWP for
ice-over-water cloud pixels over globa ocean (December 2004 - February 2005). The vertica
bars are the standard errors (s / VN, where s is the standard deviation and N is the number of
FOVs).

Figure 3. Histograms of IWP derived from VISST, MVI and MCRS for ice-over-water clouds,
and IWP derived from VISST for sngle-layer ice clouds over globa ocean (December 2004 to
February 2005).

Figure 4. Globd distribution of seasond (DJF) mean IWP derived from Aqua datausing (&) VISST

and (b) MCRS, and (c) the difference between VISST and MCRS means.
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Figure 1. Comparison of VISST and MCRS retrievals with smultaneous refrievals using the
MMCR datathe ARM Manus site (December 2004 - February 2005).
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Figure 2. Comparison of optical depths derived from VISST and MCRS as a function of LWP for
ice-over-water cloud pixels over globa ocean (December 2004 - February 2005). The vertical
bars are the standard errors (s / JN , Where s isthe standard deviation and N is the number of
FOVs).
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Figure 3. Histograms of IWP derived from VISST, MVI and MCRS for ice-over-water clouds,

and IWP derived from VISST for single-layer ice clouds over globa ocean (December 2004 to
February 2005).
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Figure 4. Globd digtribution of seasona (DJF) mean IWP derived from Aqua datausing (a) VISST
and (b) MCRS, and (c) the difference between the VISST and MCRS means.



